Leukemic transformation (LT) of myeloproliferative neoplasms (MPNs) is associated with a poor prognosis and resistance to therapy. Although previous candidate genetic studies have identified mutations in MPN patients who develop acute leukemia, the complement of genetic abnormalities in MPN patients who undergo LT is not known nor have specific molecular abnormalities been shown to have clinical relevance in this setting. We performed high-throughput resequencing of 22 genes in 53 patients with LT after MPN to characterize the frequency of known myeloid mutations in this entity. In addition to JAK2 and TET2 mutations, which occur commonly in LT after MPN, we identified recurrent mutations in the serine/arginine-rich splicing factor 2 (SRSF2) gene (18.9%) in acute myeloid leukemia (AML) transformed from MPNs. SRSF2 mutations are more common in AML derived from MPNs compared with LT after myelodysplasia (4.8%) or de novo AML (5.6%), respectively (P ‫؍‬ .05). Importantly, SRSF2 mutations are associated with worsened overall survival in MPN patients who undergo LT in univariate (P ‫؍‬ .03; HR, 2.77; 95% CI, 1.10-7.00) and multivariate analysis (P < .05; HR, 2.11; 95% CI, 1.01-4.42). These data suggest that SRSF2 mutations contribute to the pathogenesis of LT and may guide novel therapeutic approaches for MPN patients who undergo LT. 
Introduction
Myeloproliferative neoplasms (MPNs) are chronic, clonal hematopoietic stem cell disorders and include polycythemia vera (PV), essential thrombocytosis (ET), and primary myelofibrosis (PMF). 1 These diseases individually carry a risk of morbidity and mortality, including thrombosis, bleeding, and progressive BM fibrosis. Importantly, a substantial proportion of patients with PV, ET, or PMF transform to acute myeloid leukemia (AML). Leukemic transformation (LT) from a pre-existing MPN carries a dismal prognosis. 2 Somatic mutations have been identified in most patients with MPN; however, the specific genetic events, which contribute to LT from a pre-existing MPN, are less well understood. Several groups have identified disease alleles in a subset of patients with MPN who undergo LT, including mutations in TET2, 3 IDH1/2, 4,5 RUNX1, 6 WT1, TP53, 7 CBL, and NRAS, 8 as well as deletions that involve IKZF1 9 . In addition, high-resolution single nucleotide polymorphism (SNP) analysis has identified several novel regions of gain and loss (chromosome 7q,16q, 19p, and 21q) and focal alterations in new candidate genes (SH2B2, CUTL1, PIN1, ICAM1, CDC37, ERG) in AML cases derived from a pre-existing MPN. 10 Although studies have identified individual genes that may predict for increased risk of LT in patients with MPN when mutated, 4, 11 no studies to date have performed comprehensive sequencing of candidate genes in patients with LT to thoroughly identify the genetic abnormalities present at leukemic state and to identify specific mutations with prognostic significance in this disease entity. Recently, Yoshida et al identified recurrent somatic alterations in multiple genes encoding members of the spliceosome. 12 On the basis of this discovery, we performed a comprehensive molecular characterization of a cohort of patients with LT from MPNs by sequencing the commonly mutated spliceosomal genes (SF3B1, U2AF1, SRSF2, and ZRSR2) in addition to genes known to be frequently mutated in patients with chronic phase MPNs and de novo AML. This allowed us to determine the frequency of somatic alterations in known myeloid disease alleles in patients with MPN with LT and to identify recurrent somatic mutations in the serine/arginine-rich splicing factor 2 (SRSF2) gene in LT after MPN. Our data suggest that SRSF2 mutations are associated with adverse outcomes in LT after MPN, implicating spliceosome mutations in the pathogenesis of LT after MPN. Table 1 . PCR amplicons were all smaller than 500 bp, and overlapping PCR amplicons were designed for all exons larger than 400 bp to ensure complete coverage. For each PCR reaction, 20 ng of genomic DNA was used for PCR amplification, followed by magnetic bead purification (SPRI; Agencourt Bioscience) and bidirectional sequencing with the use of ABI 3730 capillary sequencers (Agencourt Bioscience). Bidirectional sequence traces were analyzed for missense and nonsense mutations with the use of Mutation Surveyor (Softgenetics Inc), and all traces were reviewed manually and with Mutation Surveyor for the presence of frameshift mutations. Nonsynonymous alterations not present in dbSNP were annotated as somatic mutations or SNPs based on sequence analysis of matched germline DNA. Nonsynonymous alterations not in dbSNP nor determined to be somatic in paired samples or in published studies were censored with respect to mutational status for that specific gene. All somatic mutations were validated by resequencing nonamplified DNA. Novel frameshift mutations were validated by cloning and sequencing individual isolated colonies (TOPO TA cloning; Invitrogen). Genomic DNA from paired samples was verified to belong to the same patient by mass spectrometry-based genetic fingerprinting assay as described previously. 14 
Methods

Patients
Copy number analysis
Copy number status of all genes sequenced in this study was assessed with the use of Affymetrix SNP 6.0 arrays performed on DNA from 5 patients whereby genomic DNA was isolated from paired MPN and AML samples. Data were analyzed using Integrated Genomics Viewer 1.5.64 (www.broadinstitute.org/igv/v1.5).
Statistics
Standard statistical methods were used for parameter comparison, and survival curves were prepared by the Kaplan-Meier method and compared by the log-rank test. Proportional hazards regression was used for multivariate analysis. P values Ͻ .05 were considered significant. The MedCalc statistical package (MedCalc Version 12.2.1 software) was used for all computations.
Results
Mutational spectrum of AML derived from MPNs
Resequencing of genes known to be mutated in myeloid malignancies in patients with AML secondary to MPNs found that mutations in JAK2, TET2, SRSF2, and ASXL1 were the most commonly mutated genes in this subset of disease (Table 1) . These mutations were not exclusive, such that they commonly co-occurred with one another (Figure 1 ; supplemental Figure 1 ), although there were no statistically significant co-occurrences among these genes (supplemental Table 5 ). Notably, several genes commonly mutated in de novo AML, including FLT3 15 and DNMT3a, 16, 17 were rarely mutated in AML derived from MPNs, consistent with a divergent mechanism of LT in sAML compared with de novo AML
Mutations in spliceosomal genes in patients with LT of MPNs and MDS
Given that mutations in spliceosomal genes have previously been reported by Yoshida et al 12 to be rare in patients with de novo AML and chronic MPNs, we investigated the mutational frequency of mutations in spliceosome components in patients with chronic MPNs, de novo AML, and LT of MPNs and MDS (Table 2 ). This analysis found that mutations in SRSF2 are more frequent in patients with LT of MPNs compared with patients with de novo AML, chronic MPNs, or LT of MDS (P ϭ .05, 2-tailed, Fisher exact test). Although recent studies have identified recurrent somatic mutations in the spliceosome in myeloid disorders, including SF3B1 in refractory anemia with ringed sideroblasts, 12, 18 mutations in U2AF1, SF3B1, and ZRSR2 were relatively uncommon in patients with LT of MPNs, occurring in 3.8%, 5.7%, and 1.8% of transformed MPN patients, respectively (Table 2 ). In addition, our analysis identified previously unreported somatic mutations in U2AF1, SRSF2, and ZRSR2 in patients with MPN, MDS, and sAML or de novo AML ( Figure  2 ). Previous studies identified recurrent heterozygous missense mutations in U2AF1 exclusively at amino acid S34 or Q157 and SRSF2 mutations as heterozygous mutations at amino acid P95 only. 12 We also identified rare mutations in U2AF1 occurring as in-frame insertions near one of the regions of recurrent mutation (Figure 2A ) as well as a somatic missense mutation in SRSF2 at amino acid 96, adjacent to the previously reported mutated residue, a homozygous mutation in SRSF2 at residue 95 in a de novo AML sample ( Figure 2B ), a heterozygous in-frame deletion in SRSF2 (Figure 2C) , and multiple novel mutations in ZRSR2 ( Figure 2D ). As noted previously by Yoshida et al, mutations in genes encoding members of the spliceosome were mutually exclusive regardless of diagnosis. 12 
Sequencing of paired samples
We next performed mutational analysis of paired samples from 17 patients with chronic phase MPN who subsequently transformed to AML. This analysis found multiple genetic differences between the chronic MPN state and the leukemic state within individual patients ( Figure 3A) . Mutations in genes outside of the JAK-STAT pathway (not in JAK2 or MPL) were significantly enriched in patients at the time of LT compared with the chronic MPN state (average of 1.2 mutations in LT vs 0.6 mutations/sample in chronic phase; P Ͻ .02, Mann-Whitney U test). This included acquisition of a variety of different mutations, including mutations in TP53 (28.6% of paired samples) and KRas (14.3% of paired samples). Although clonal analysis could not be performed in these patients, the paired mutational data here suggest the possibility of multiple clones with distinct mutational genotypes within individual patients. Interestingly, mutations in SRSF2, when present in the leukemic state, could always be identified in the chronic MPN sample, suggesting that SRSF2 mutations may either be acquired early in disease pathogenesis and/or are required for LT. Of note, all mutations found in SRSF2 in this study occurred as heterozygous mutations with the exception of a single homozygous SRSF2 P95H mutation in a de novo AML sample ( Figure 2B ). For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From In addition to assessing for mutations associated with LT, we assayed for alterations in allelic copy number at LT of MPNs through analysis of SNP arrays in 5 paired MPN/AML samples. Of the 22 genes sequenced in the paired MPN/AML samples, the only gene that differed in copy number in the AML state compared with the MPN state was RUNX1 that was deleted at LT in one patient without a RUNX1 mutation (supplemental Figure 2 ).
Outcomes associated with common genetic alterations in LT of MPNs
Clinical data were available for 52 of 53 patients with LT of MPNs. Univariate analysis of the 4 most commonly mutated genes found that mutations in SRSF2, but not in JAK2, TET2, or ASXL1, were associated with worsened overall survival (OS) in patients with AML derived from MPNs (P ϭ .03; HR, 2.77; 95% CI, 1.10-7.00; Figure 4 ). Patients with AML with SRSF2 mutations had a median OS of 116 days (range, 38-588 days) compared with a median survival of 307 days (range, 19-2806 days) in patients wild type for SRSF2 (median, 19-2806 days). The adverse association of SRSF2 mutations to OS was independent of age and cytogenetic risk classification in multivariate analysis (P ϭ .049; HR, 2.11; 95% CI, 1.01-4.42). Other commonly mutated genes (JAK2, TET2, and ASXL1) did not have significant effect on OS (supplemental Figure  3) . Only 11 of 52 patients with LT of MPNs included in this analysis achieved complete remission, and only 1 of these 11 patients was SRSF2 mutant. Of note, no difference in the distribution of preceding MPN diagnosis was observed between SRSF2 mutant and SRSF2 wild-type patients who subsequently transformed to AML (supplemental Table 3 ).
Discussion
The recent discovery of a series of genetic events in patients with myeloid malignancies has led to an interest in identifying genetic markers that may be associated with LT. Recently, mutations in genes encoding members of the spliceosome have been identified through whole exome/genome sequencing studies in patients with MDS and AML. 12, 18, 19 Mutational profiling of patients with LT of MPNs here indicate that SRSF2 mutations, but not mutations in other spliceosome factors, are seen at high frequency in patients with MPN who transform to AML. This data, combined with the recent data implicating SF3B1 mutations specifically in refractory anemia with ringed sideroblasts, 12, 18 suggest that different mutations in the spliceosome are associated with distinct clinical phenotypes and with different roles in myeloid transformation.
Mutations in SRSF2 were found in 18.9% of patients with AML transformed from MPN, which surpassed the frequency of mutations in other genes recently described to be frequently mutated in LT of MPNs, including mutations in TP53 7 and IDH1/2. 4, 5 Although TP53 mutations were exclusively seen at LT (Figure 3A) , the frequency of TP53 alterations seen in this series of patients (Table 1 ) was less than that described in one recent candidate gene sequencing series. 7 Likewise, although mutations in IDH1/2 were identified in a subset of patients with AML after MPN (13.2%), they were not more common in patients with LT after MPNs than has been previously reported in patients with de novo AML (16%-30%), [20] [21] [22] [23] suggesting that they probably do not represent a unique transforming event among patients with MPN. In contrast, our data suggest that mutations in SRSF2, which are found in Ͻ 5% of patients with de novo AML or chronic phase MPNs, 12 are specifically enriched at LT of MPNs. Moreover, genetic profiling of known genes mutated in MPN/AML suggests that there are multiple diverse events present at LT of MPNs (Figures 1 and 3 ; supplemental Figure 1 ). In addition, the finding that multiple patients studied here have no identifiable somatic mutations in commonly mutated genes at the MPN or leukemic state (eg, PMF sample no. 6 in Figure 3A) , clearly suggests the need for further genomic discovery efforts in patients with this high-risk myeloid neoplasm. In addition, a single occurrence of a somatic homozygous SRSF2 P95H mutation was seen as well as a novel missense SRSF2 P96S mutation adjacent to the previously described recurrent heterozygous point mutation at codon P95. (C) A novel, heterozygous 24 nucleotide in-frame deletion in SRSF2 was also found. (D) Multiple previously undescribed mutations were also found in ZRSR2, including several nonsense mutations, N-terminal insertions/deletions that resulted in premature stop codons, as well as in-frame insertions/deletions in the Arginine-serine rich domain.
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The observations that SRSF2 mutations are associated with adverse outcome in AML after MPN and can be detected in patients in the chronic phase of MPN who transform to AML suggest that SRSF2 mutations may predict for disease progression in MPNs and may represent an important event leading to subsequent acute LT. In contrast, other mutations common to LT of MPNs, including mutations in TET2 and ASXL1, did not hold prognostic significance at LT (supplemental Figure 3) . Future clinical and biologic studies will need to elucidate the specific role of SRSF2 mutations in MPN/AML pathogenesis and the prognostic significance of SRSF2 mutations in chronic phase PV, ET, and PMF. We predict that subsequent studies will identify additional disease alleles in patients with AML after MPN of biologic, clinical, and therapeutic relevance. 
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